Introduction

42
The lifestyle and feeding habits of members of the nematode phylum are highly 43 diverse. A single species may express diverse life cycles through production of free-44 living and host-associated stages. Many species of the nematode genus Pristionchus 45 (Nematoda: Diplogastridae), including the most studied Pristionchus pacificus, have 46 been recently considered to be associated with beetles in a necromenic lifestyle, i.e. 47
to associate with beetles in the nematode dauer diapause stage and wait until the 48 death of the beetle to resume development and feed on microbes in the decomposing 49 beetle corpse [1] . The necromenic lifestyle of Pristionchus nematodes now appears as 50 a qualifier for the species P. pacificus [2, 3] . Thus, Pristionchus have been considered 51 to share some attributes of parasitic nematodes and to have a very different lifestyle 52 from the free-living nematode C. elegans [4] . 53
Yet, to our knowledge, carcasses of naturally dead beetles have not been 54 looked for and examined to assess whether Pristionchus feeds on them. Recent field 55 studies have looked for Pristionchus in live beetles, and to a lesser extent in soil [5] [6] [7] [8] . 56
We detail below in three points what has been documented about the association of 57
Pristionchus with beetles. 58
France, Spain, Switzerland again suggested that related Pristionchus spp. are found 74 in the dauer stage on beetles [9] . 75 -3) Finally, the data supporting the conclusion that Pristionchus non-dauer stages feed 76 on carcasses of beetles come from experiments where beetles were killed on a Petri 77 dish containing E. coli in the laboratory (e.g., [9] , and for P. pacificus: [6] ). When a 78 beetle is killed on a Petri dish, some of the bacterial species that are inside the gut or 79 on the surface of the animal will proliferate using the beetle or the Petri dish as food 80
and Pristionchus can then feed on them or E. coli (cf. Fig 1 in [8] ). In these experiments, 81
Pristionchus appeared only after 7-10 days, suggesting that they took time to exit the 82 dauer stage [9] . The delay may be explained by the fact that some beetles may secrete 83 chemicals that prevent their associated nematode species from exiting the dauer stage 84 [17] . Because this delay is longer than the generation time in this environment (3-4 85 days), it is not possible to assess either the number of individuals or the stage at which 86 they were on the beetle. Similarly, if the beetles are killed by the experimenter and then 87 placed in a soil environment, Pristionchus will proliferate in the vicinity of the dead 88 beetle only after 7 days [18] . These data suggest that Pristionchus may adopt a 89 necromenic lifestyle by consuming the progeny of bacteria that were on the living host 90 beetle, but they do not address whether this is an event occurring in the wild, and if so, 91 how frequent it is for Pristionchus. The claim of a necromenic relationship does not 92 take into account the possibility that the nematodes may disembark from their insect 93 host well before it dies, should they encounter some food source. Necromeny may take 94 place occasionally, but beetle corpses may be a very minor source of food for 95
Pristionchus. 96
By contrast, older literature on Pristionchus species had associated them with 97 a number of substrates. Sudhaus and Fürst van Lieven [19] reviewed this systematic 98 work on species in this genus and summarized the habitat as "mostly decaying plants, 99 associated with insects". Specifically, Pristionchus species were described from soil, 100 humus, compost, moss, "diseased" stem, coffee berry, rotting bulbs of Allium vineale, 101 damaged roots of coffee and garlic, around roots of several species, rotten potatoes, 102 rotten wood, and decomposing fungi. Additionally, Pristionchus species were 103 described to be associated with a wider range of insects than just beetles: termites 104 (two species), Ostrinia (Lepidoptera), dead insects, and finally beetles (three species). 105
The spectrum of habitats thus appears much wider than the recent literature indicates. We here provide data on nematode genera found in rotting vegetal matter, 120
focusing on the genera Pristionchus and Panagrellus. By surveying different types of 121 rotting vegetal and fungal substrates, we found diverse Pristionchus spp. at a similar 122 frequency as Caenorhabditis, often in high numbers and in feeding stages in rotting 123 fruits and stems. In addition, we report that a single species of Panagrellus (Nematoda: 124
Panagrolaimidae), which we identify as Panagrellus redivivoides, is found in rotting 125 fruits but not in rotting stems and appears to be associated with Drosophila fruitflies. 126
Materials and Methods
128
Sample handling and nematode genus identification 129
Collected samples were placed onto standard C. elegans Normal Growth Medium agar 130 plates [36], previously seeded with Escherichia coli strain OP50 in the center of the 131 plate. The samples were spread around the bacterial lawn. 1-2 ml water or M9 solution 132
were added to humidify the samples [37] . 133
For surveys in S1 Table, Table) . In addition, 144
Caenorhabditis were systematically identified to the species level as indicated in 145
[26,37,49]. Given a generation time for these nematodes of about 3-5 days at 20°C, 146 the number of individuals and developmental stages were noted for samples that were 147 less than 48 hours from collection time. 148
These surveys were primarily aimed at studying Caenorhabditis populations, as 149 reported in [22, 25, 26, 49] . Caenorhabditis individuals tend to rapidly exit the sample to 150 colonize the E. coli lawn, as do Pristionchus, Panagrellus and most other rhabditids. 151
Some genera are more difficult to survey, either because they have a small body size, 152 are present in small numbers, move slowly out of the sample or are less easy to 153 recognize. The three genera Caenorhabditis, Pristionchus and Panagrellus that are 154 highlighted in S1 Table, are those that may have been least missed in the samples. 155
However, the number of samples that contained Pristionchus or Panagrellus spp. is 156 likely an underestimate as they were less carefully looked for than Caenorhabditis. 157
Diplogastrids are easy to recognize by their short buccal cavity bearing strong 158 teeth, the absence of a grinder in the basal bulb of the pharynx, the color pattern of the 159 body stemming from the shape of female gonad arms generally bending back in 160 diagonal towards the vulva, and the pore appearance of the vulva. Pristionchus are 161 easy to recognize from other diplogastrids as adults, with their characteristic dumpyish 162 body shape and cuticle with strong longitudinal ridges ( Fig 1A) . We also systematically 163 checked that our morphological criteria corresponded to the Pristionchus genus by 164 SSU rDNA sequencing of a subset of them (JU isolates, S2A Table) . 165
Panagrellus species are recognized by their large body shape, light brown gut 166 color (like Caenorhabditis), posterior vulva and viviparous reproduction (Fig 2A) . 167
Young first-stage larvae exit through the female vulva and gravid females may contain 168 several dozens of embryos in their uterus. We also sequenced SSU rDNA for some of 169 them (S2B Table) . 170
Genera of other rhabditids can be Pelodera, Auanema, Rhabditella, Pellioditis, 171 etc. In contrast to Caenorhabditis (or Panagrellus), their gut color is generally 172 greyish/black, rather than brownish. Our notes are too scarce to distinguish them here 173 and we placed them in a single category, with the exception of the ones for which we 174 report 18S sequences. 175
Oscheius are very commonly found in rotting vegetal matter or soil and can be 176 This protocol does not allow for a good retrieval of Pristionchus and Panagrellus 206 nematodes. We recently adopted a DMSO-Dextran protocol that allows for better 207 recovery (courtesy of Andre Pires da Silva), whereby a pellet of nematodes in M9 208 solution is resuspended in 7 ml of a mix of 1 g Dextran (Sigma D9260-500G), 1 ml 209 DMSO and autoclaved H 2 O to 10 ml. The nematodes are incubated for 10 min at room 210 temperature before being place in the -80°C freezer in styrofoam boxes. 211 212
Mating tests 213
For the selfing Pristionchus, we crossed 5 hermaphrodites from the P. pacificus 214 JU1102 strain [11] with 5 males of our new isolates and monitored the proportion of 215 males in the progeny as an evidence of crossing. For two of them, BRC20259 and 216 BR20261, we further checked whether these F1 males were fertile by crossing them 217 to hermaphrodites of either parental strain. All crosses were positive. Two replicates 218 of a control with JU1102 animals only did not yield a high percentage of males. 219
For Panagrellus, we crossed 3-5 L4 females with 3-5 males and monitored first 220 and second generation progeny. A control with 5 L4 JU385 females (2 replicates) did 221 not yield any progeny. 222
223
PCR and sequence analysis of rDNA 224
In some surveys indicated in S2 Table, the nematodes were assigned to a genus using 225 a molecular tag. The small subunit (SSU, 18S) of ribosomal DNA of Pristionchus 226 isolates was amplified using primers SSU18A (5'-AAAGATTAAGCCATGCATG-3') and 227 SSU26R (CATTCTTGGCAAATGCTTTCG), and sequenced using SSU18A or SSU9R 228 (AGCTGGAATTACCGCGGCTG), as in [5-9,52]; alternatively, as indicated in S2 229 Table, primers at Genbank with accession # (TO BE SUBMITTED). 240
The sequences were run through NCBI Blast (April-May 2018) with default 241 parameters. In case of the apparent polymorphism in our Panagrellus redivivoides 28S 242 sequences (AGTTGATCGGGTGTTGGCTTCGGY; cf. S2B Table, column P), the 243 highest peak was used in the blast analysis. Differences with the closest sequence in 244 the database were manually checked. 245 246
Data analysis 247
The abundance index is defined on a Log10 scale as in [26] . An index of 1 corresponds 248 to one to 10 individuals, 2 for 11 to 100, 3 for 10 2 to 10 3 , 4 for 10 3 to 10 4 , and 5 for > 249 
Sampling for Caenorhabditis 254
We sampled rotting vegetal matter, mostly fruits and stems from herbaceous plants 255 (Fig 1) , and occasionally flowers, leaves, and wood as well as a few other sample 256 types, such as fungi, soil, humus mixes and occasionally larger invertebrates (S1 257 always distinguished from other diplogastrids; S1 Table) . Pristionchus is thus 285 commonly found in both rotting fruit and stem samples. 286
In addition to rotting fruits and stems, we noted the presence of Pristionchus in 287 other types of decomposed vegetal matter (S1 and S2 Tables): soil/humus and leaf  288 litter (over 20 samples), compost, flowers, iris and hyacinth bulbs, cacti, leaves, moss, 289 and wood. We also found Pristionchus in fungi (on trees or on the ground), a Geophilus 290 myriapod, a dead bee, a dead Helix aspersa snail (S1 and S2 Tables), and droppings 291 from a small mammal. This list is quite similar to the samples where we found 292
Caenorhabditis. The only exception may be that C. elegans and C. briggsae were 293 Caenorhabditis in equatorial regions (as could be suggested from samples from São 304
Tomé and Bangalore; S1 Table) . 305
Within a single sample, the census size of Pristionchus appeared comparable 306
to Caenorhabditis, with populations ranging from 1-few animals to over 1,000 (over 307 10,000 for Caenorhabditis) in one sample (S1 Table; for example samples shown in 308 Fig 1B,F) . Pristionchus feeding stages were noted to be present alongside dauer 309 larvae in both rotting fruits and stems (Orsay, Santeuil). Pristionchus was the 310 predominant species in terms of numbers in some samples (S1 Table) Panagrellus is specifically enriched in fruits versus stems (Fisher exact test rejecting 330 homogeneity, p=10 -12 ). Rotting fruits contain bacteria and fungi and we observed that 331
Panagrellus adults were often attracted to fungi (yeasts) on the culture plates. 332
Another invertebrate commonly found on these rotting fruits but not rotting 333 stems is the fruit fly Drosophila (various species). We sampled live Drosophila in the 334 field and on two occasions found Panagrellus (S2 Table and [26]). We also found 335
Panagrellus in a Drosophila willistoni culture (S2 Table) . We observed Panagrellus 336 dauer larvae climbing on Drosophila pupae in our samples and waving, especially on 337 the pupal appendages ( Fig 2B) . It is thus possible that fruitflies constitute vectors for 338
Panagrellus between rotting fruit food patches. 339
We performed pairwise mating tests between Panagrellus isolates and to our 340 surprise, found that all our fruit isolates were compatible, thus representing a single 341 biological species. Morphologically, the vulva slit appeared almost perpendicular to the 342 ventral side of the females (Fig 2C,D, S2B Table) . This feature is characteristic of a 343 single species of Panagrellus, called P. redivivoides [57, 58] . In all other species such 344 as P. redivivus, the vulva is strongly bent towards the anterior side of the animal (Fig  345   2E ,F). Other morphological features of our isolates also matched the original and 346 subsequent redescription of P. redivivoides [57,59,60], including the shape of the 347 spicules and the gubernaculum dorsal end bearing a hook in lateral view (Fig 2G,H) . 348
This Panagrellus species was collected from diverse fruit samples (apples, 349 pears, peach, grapes, plums, cherries, tomatoes, walnuts, figs), but never from other 350 substrates (except once in compost containing rotting fruits). Among the substrates we 351 sampled, P. redivivoides thus appears specific to rotting fruits. It does not appear in 352 every orchard or region where we have sampled, for example it was not found in Utah, 353
while it was common in Oregon and Washington states. We recently found a new 354
Panagrellus isolate (JU3343) in a compost heap of unclear composition but containing 355 no fruits. As an exception that proves the rule, this isolate corresponds to a different 356
Panagrellus species both through mating tests and morphology (S2B Table) . 
Other nematodes 371
Other nematode genera were found in rotting fruits and stems. Oscheius (species of 372 the Dolichura group including the common Oscheius tipulae) was present in all types 373 of samples. Although it was found frequently in soil [63], we had never observed 374 feeding stages until we started collecting rotting fruits and stems (S1 Table) . Other 375 rhabditids included Rhabditella, Auanema, Pelodera, etc. Mesorhabditis was often 376 present in small numbers, and also found in humus and rotting leaves in forests. 377
Panagrolaimus was also found in soil but often present in rotting fruits and stems, even 378 if quite dry. Rhabditophanes was particularly observed in cold weathers and climates. 379
Fruit samples also commonly contained fungi-eating nematodes such as aphelenchs. 380 381
Co-occurrence 382
Many of the different nematodes co-occurred in the same sample (Table 1) . Fig 3C  383 summarizes the co-occurrence of the three genera Caenorhabditis, Pristionchus and 384
Panagrellus in fruits and stems. A weak positive correlation was found in rotting fruits 385 for the co-occurrence of Pristionchus and Caenorhabditis (correlation coefficient r = 386 0.16 [0.08-0.24 confidence interval], p = 0.0001). For example, in fruits, 41.0% of the 387 samples with Caenorhabditis (n=188, for a total of 556 fruits) also had Pristionchus 388 and conversely, 44.5% of the samples with Pristionchus (n=173) contain 389
Caenorhabditis. No other correlations were found significant (note however that 390 sample sizes were smaller in stems and for Panagrellus). 
Not only fond of beetles: Pristionchus also lives in rotting vegetal matter 401
Our results demonstrate that Pristionchus nematodes are found in rotting vegetal 402 matter frequently and abundantly, in both dauer and feeding stages. This includes P. 403 pacificus and other "beetle-associated" Pristionchus species, such as P. uniformis, P. 404 entomophagus, P. triformis, P. quartusdecimus or P. atlanticus [8, 9, 12, 56, 64] , or 405 closely related species (S2 Table) . From these data, we conclude that these 406
Pristionchus species feed in rotting vegetal matter and are not exclusively necromenic. Each Pristionchus species (and possibly population) needs to be considered 429 separately. However, our survey found a variety of Pristionchus species covering 430 several clades within the genus (S2A Table) , with a biogeography consistent with that 431 in previous reports in beetles [64] . Most of our sampling work was in Europe, where P. 432 pacificus is rare compared to other Pristionchus spp. [8, 9, 11, 66 ], but we found P. 433 pacificus in decomposing vegetal matter in Asia (S2 Table) . Pristionchus species that may be found associated with various beetles. This life cycle 453 is similar to that proposed for C. elegans [30, 71] . In our model, rotting vegetal matter 454 is the feeding ground for Pristionchus spp., whose populations expand until the food is 455 exhausted whereupon the young larvae enter the dauer stage. Beetles may transport 456 dauer larvae between these patchy plant food sources. In this life cycle scenario, the 457 association of dauer larvae with the larger invertebrate is phoretic. Necromeny may be 458 occasional, but its occurrence remains to be demonstrated. including but not restricted to Caenorhabditis and Panagrellus species (S1 Table) . 465
These other nematodes may compete for bacterial food, or serve as prey for 466
Pristionchus. We found a weak positive correlation for the co-occurrence of 467
Pristionchus and Caenorhabditis in rotting fruits. Rather than a specific attraction of 468
Pristionchus to Caenorhabditis-containing substrates (or conversely), we propose that 469 this correlation may be simply explained by the degree of decomposition, humidity or 470 microbial fauna in the fruits, which needs to be such as to sustain these nematode 471 species. 472 C. elegans and P. pacificus are the two most studied species of each genus 473 and C. elegans was shown to avoid sulfolipids secreted by Pristionchus pacificus [74] . 474
Due to geographical sampling biases for each genus, we have so far not detected the Indeed many of the scarab beetle species associated with Pristionchus were found to 490 feed as adults on soft, high-quality diets and the micro-organisms therein [77] and 491 many of the American tropical "dung beetle" species were found to feed on mature and 492 rotting fruits [81] . Understanding the relationship between the rotting vegetal matter 493 and the beetles is required to understand the biology of Pristionchus spp. and test our 494 hypothesized life cycle ( Fig 5) . 495 496
Panagrellus in rotting fruits: a specific habitat for Panagrellus redivivoides? 497
The Panagrellus genus was previously found on a variety of substrates. The 'sour 498 paste nematode' Panagrellus redivivus is used in many studies because of its ease of 499 culture in the laboratory [82] [83] [84] [85] [86] [87] [88] [89] . This species used to be commonly found in glues 500 Table) and has a weakly 518 tilted vulva. The only morphological character of this isolate that is supposed to differ 519 from P. redivivoides is the presence of circumcloacal papillae in P. levitatus, with a 520 reference to [91] for their "absence" in P. redivivoides (to our knowledge only an 521 absence of information). Further work would be required to make sure that there are 522 two different species and because of differences in rDNA sequence with P. levitatus, 523 abundance on several continents and priority, we identify the biological species we 524 found in rotting fruits as Panagrellus redivivoides. 525
Concerning phoretic associations, P. redivivoides may be associated with 526 Table) . 545
We suggest the possibility that one and the same species, P. redivivoides, is 546 the most commonly associated with rotting fruits and Drosophila larvae, a 547 distinguishing ecological feature compared to most Panagrellus species. Its life cycle 548 may be similar to that depicted for C. elegans [71] or Pristionchus (Fig 5) , but with 549
Drosophila fruitflies carrying the dauer larvae from fruit to fruit. 550
In summary, based on our sampling and the observed distribution of feeding 551 and dauer stages, we propose a life cycle for Pristionchus nematodes and Panagrellus 552 redivivoides that is similar to that of many Caenorhabditis species, including C. 553 elegans, whereby they feed on the microbial blooms on decomposing vegetal matter 554 and are transported between these food patches by larger invertebrates, which may 555 be beetles for Pristionchus spp., fruitflies for Panagrellus redivivoides and isopods and 556 terrestrial molluscs for Caenorhabditis spp. 557 558 559 560
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